Incubation of KCN-Hg-NH20H-inhibited spinach (Spinacia oleracea L.) chioroplasts with p-phenylenediamine for 10 minutes in the dark prior to Mumination produced rates of photosystem II cyclic photophosphorylation up to 2-fold greater than the rates obtained without incubation. Partial oxidation of p-phenylenedismine with ferricyanide produced a similar stimulation of ATP synthesis; addition of dithiothreitol suppressed the stimulation observed with incubation. Addition of ferricyanide in amounts sufficient to oxidize completely p-phenylenediamine failed to inhibit completely photosystem II cyclic activity. This is due at least in part to the fact that the ferrocyanide produced by oxidation of p-phenylenediamine is itself a catalyst of pbotosystem n cyclic photophosphorylation. N,N,N'N'-Tetramethyl-p- (15) showed that chloroplasts in which plastocyanin function and 02 evolution were inhibited would catalyze ATP synthesis when PD was supplied. The sensitivity of this reaction to DCMU and an action spectrum which indicated that PSII, rather than PSI, was involved in catalysis of activity led Yocum and Guikema to conclude that a PSII cyclic photophosphorylation reaction was occurring in the inhibited chloroplasts.
cyanide in amounts sufficient to oxidize completely p-phenylenediamine failed to inhibit completely photosystem II cyclic activity. This is due at least in part to the fact that the ferrocyanide produced by oxidation of p-phenylenediamine is itself a catalyst of pbotosystem n cyclic photophosphorylation. N,N,N'N'-Tetramethyl-p-phenylenediamine catalyzes photosystem II cyclic photopbosphorylation at rates approaching those observed with p-phenylenedismine. The activities of both proton/electron and electron donor catalysts of the photosystem H cycle are inhibited by dibromothymoquinone and antimycin A. These findings are interpreted to indicate that photosystem II cyclic photophosphorylation requires the operation of endogenous membrane-bound electron carriers for optimal coupling of ATP synthesis to electron transport. not (6, 13) , and by the finding that a sulfonated derivative of PMS, which has impaired membrane permeability, is an ineffective catalyst of PSI cyclic ATP synthesis (5) .
Cyclic photophosphorylation reactions supported by artificial mediators are not unique to PSI. Yocum and Guikema (15) showed that chloroplasts in which plastocyanin function and 02 evolution were inhibited would catalyze ATP synthesis when PD was supplied. The sensitivity of this reaction to DCMU and an action spectrum which indicated that PSII, rather than PSI, was involved in catalysis of activity led Yocum and Guikema to conclude that a PSII cyclic photophosphorylation reaction was occurring in the inhibited chloroplasts.
The data presented by Yocum and Guikema (15) provide no clue as to the electron transport pathway which is coupled to ATP synthesis in the PSII cyclic reaction. The artificial mediator (PD) employed in their studies is a proton/electron donor and therefore is capable of inducing an energy-conserving reaction similar to that catalyzed by DAD or reduced PMS. However, the results reported in the present communication do not support this hypothesis; instead, the experiments described here indicate that PSII cycle utilizes endogenous membrane-bound electron carriers in addition to the PSII photoact to support ATP synthesis.
Artificial donors of protons and electrons (reduced PMS,' DAD) or of electrons alone (ferredoxin) are widely used as catalysts of PSI-dependent cyclic photophosphorylation in chloroplasts poisoned with DCMU (6, 7, 12) . The activity supported by reduced PMS or DAD differs from that obtained with ferredoxin, however, since neither DAD nor reduced PMS requires anaerobiosis for ATP synthesis to occur, nor is the photophosphorylation activity they catalyze sensitive to inhibition by concentrations of DBMIB or antimycin A which depress the activity obtained with ferredoxin (6, 7). The phosphorylating electron transport catalyzed by ferredoxin depends on the operation of endogenous electron carriers in the chloroplasts membrane. The mechanism proposed (6) to account for catalysis of ATP synthesis by artificial mediators, on the other hand, requires that reduced PMS or DAD undergo photooxidation/ deprotonation inside the thylakoid membrane to release both electrons and protons. The oxidized species of the catalyst is then presumed to diffuse to the membrane exterior where it is protonated with protons from the external medium during rereduction by PSI Chloroplasts, KCN-Hg-inhibited chloroplasts, and KCN-Hg-NH20H-inhibited chloroplasts were prepared from market spinach (Spinacea oleracea L.) according to procedures described by Yocum and Guikema (15) . PSII cyclic and noncyclic photophosphorylation activities were assayed at 25 C in a reaction mixture (1.6 ml) which contained 50 mm Tricine (pH 8), 50 mM NaCl, 3 mM MgCl2, 1 mm ADP, 5 mm NaH232P04 (106 cpm/ml), and 20 to 30 ,ug Chl (14, 15) . In addition, the noncyclic reaction mixtures contained 0.25 mm PD or TMPD plus 2.5 mm ferricyanide. Noncyclic electron transport was measured polarographically with a Clark electrode (YSI). When the effect of antimycin A on noncyclic electron transport was assayed, the inhibitor was incubated (7) with chloroplasts in the reaction mixture minus the electron transport catalysts. After 10 min of incubation, ferricyanide and TMPD or PD were added, and the reaction was initiated by illumination. All reaction mixtures were illuminated with white light (106 ergs cm-2. sec-1) for 1 min. Reactions were terminated by the I Abbreviations: PD: p-phenylenediamine; TMPD: N,N,N' ,N'-tetramethyl-p-phenylenediamine; DAD: 2,3,5,6-tetramethyl-p-phenylenediamine; PMS: phenazinemethosulfate; DBMIB: 2,4-dibromo-3-methyl-6-isopropyl-p-benzoquinone; P/e2: ratio of ATP synthesis to electron pairs transferred. 592 PSII CYCLIC PHOTOPHOSPHORYLATION. II addition of 0.2 ml of 30% trichloroacetic acid, and ATP synthesis was determined by gas flow counting of dried samples from which unreacted phosphate had been extracted. When ferrocyanide was used as an electron donor for PSII cyclic activity, its presence interfered with complete extraction of unreacted phosphate owing to precipitate formation. This problem was circumvented by centrifugation of extracted reaction mixtures to remove the precipitate prior to transfer of aliquots to planchettes for drying and gas flow counting.
The electron donors used for catalysis of PSII cyclic photophosphorylation were recrystallized prior to use in assays. Ferrocyanide was recrystallized from hot water according to the procedure of Izawa and Ort (9) . Both PD and TMPD were purchased from Eastman Organics, and were recrystallized after adsorption of impurities on activated charcoal according to the procedures of Gould (3) (PD) and LuValle et al. (10) 
(TMPD).
Exposure of crude TMPD in acidic ethanol to charcoal results in a slight oxidation of the TMPD as evidenced by a pale blue color in the filtrate collected after charcoal exposure. This oxidation is reversed by addition of a small grain of dithionite to the acidic ethanol prior to cooling of the solution for crystallization of the TMPD. Antimycin A was obtained from Sigma, and DBMIB was a generous gift from N. E. Good. All other chemicals used in these studies were of the purest grades commercially available.
RESULTS

Stimulation of PSII Cyclic Photophosphorylation Activity by
Dark Incubation of Reaction Mixtures. When reaction mixtures containing KCN-Hg-NH2OH-inhibited spinach chloroplasts and PD were incubated in the dark at 25 C prior to illumination, the rates of ATP synthesis were increased more than 2-fold over those of control samples, which were illuminated immediately. When varying concentrations of PD were subjected to incubation for 10 min prior to illumination, the results shown in Figure 1 were obtained. This figure shows that the effect of incubation on ATP synthesis is to produce saturation kinetics, in contrast to the control experiment (-incubation) which produced biphasic kinetics and has not reached apparent saturation at 1,250 ,UM PD. The activity observed under both conditions of assay is sensitive to DCMU.
The effect of dark incubation on PSII cyclic photophosphorylation was investigated further. Incubation might enhance membrane penetration by the catalyst, or cause some change in the catalyst unrelated to membrane permeation such as oxidation, which could stimulate ATP synthesis by providing a reservoir of electron acceptor to promote cyclic electron transport. As shown in Table I , a small amount of oxidant (ferricyanide) stimulates cyclic ATP synthesis catalyzed by PD; addition of a reductant (DTT) abolishes the stimulation obtained by incubation. Table I also shows that neither ferricyanide nor DTT alters the DCMU sensitivity of ATP synthesis. It is therefore likely that dark incubation promotes the formation of a small amount of oxidized catalyst which in turn stimulates PSII cyclic electron transport.
Catalysis of PSII Cyclic ATP Synthesis by Electron Donors. In the course of analyzing the effects of ferricyanide on PDcatalyzed PSII cyclic photophosphorylation, an extensive titration with ferricyanide was done. For purposes of comparison, titrations were also done using the corresponding PSI cycle elicited by PD plus DCMU in untreated chloroplasts. Although it was anticipated that complete oxidation of PD by ferricyanide would inhibit both cyclic reactions, Figure 2 shows that the PSII cycle retained photophosphorylation activity in the presence of concentrations of ferricyanide in excess of those necessary to effect complete oxidation of PD and which inhibit completely the corresponding PSI cycle.
Since ferricyanide was capable of fully oxidizing PD, as evidenced by the destruction of PD-catalyzed PSI cyclic activity, and since the rate of ATP synthesis remaining in the PSII cycle was higher (30 ,umol ATP/hr-mgl Chl) than the rate observed in the absence of any catalyst (4-6 ,umol ATP/hr mg Chl), it was possible that the reaction between PD and ferricyanide produced a new catalyst of PSII cyclic activity. Since oxidation of PD by ferricyanide would produce ferrocyanide, this compound was tested for catalytic activity in KCN-Hg-NH2OH-inhibited chloroplasts. Ferrocyanide is catalytically active; the reaction reaches saturation at about 625 ,LlM ferrocyanide to produce a rate of 24 ,umol ATP/hr mg Chl (Table II) , which approximates the rate of ATP synthesis observed in reaction mixtures containing mixtures of PD plus excess ferricyanide (Fig. 2) . Thus, the failure of excess ferricyanide to inhibit strongly the PD-catalyzed PSII cyclic reaction is due to the fact that ferrocyanide, produced by PD oxidation, is itself a catalyst of PSII cyclic ATP synthesis.
The finding that ferrocyanide can catalyze PSII cyclic ATP synthesis suggested that other artificial electron donors might also stimulate PSII cyclic activity. In order to test this assumption, the catalytic activity of TMPD was examined. Table III shows that 250 i&M TMPD supports photophosphorylation in KCN-Hg-NH2OH-inhibited chloroplasts, and that this activity is enhanced by dark incubation. Figure 3 compares the catalytic activities of TMPD in PSII and PSI cyclic reactions. Note that the activity catalyzed by 250 ,UM TMPD is some 20-fold higher in the PSII cyclic reaction when compared to a PSI cyclic reaction in untreated chloroplasts inhibited with DCMU.
Since TMPD might bypass the site of KCN-Hg inhibition under the conditions of assay used in these experiments, the activity of 250 ,UM TMPD as an electron donor to PSI in KCNHg-NH2OH-inhibited chloroplasts was examined in the presence of methylviologen (0.125 mM), ascorbate (3 mM), and DCMU (9 ,UM). The electron transport rate obtained (20-25 ,uequiv/ Figure 4 shows that both PD-and TMPD-catalyzed PSII cyclic photophosphorylation reactions are susceptible to inhibition (60-90%) by 12.5 ,UM DBMIB, with the TMPD-dependent reaction showing more sensitivity than the PD-catalyzed reaction. The true extent of DBMIB inhibition cannot be accurately estimated, since this inhibitor can affect quantum efficiency (4) and undergo oxidation/reduction (8) . The cyclic activities of both PD and TMPD are decreased 70 to 90% by antimycin A (Fig. 5) , a compound previously shown to inhibit PSI cyclic ATP synthesis catalyzed by ferredoxin (2, 12) . Again, the activity catalyzed by TMPD is more sensitive to inhibition than is the activity obtained with PD.
Antimycin A and DBMIB have been reported to possess uncoupling activity (1, 7) under certain conditions. It was therefore necessary to examine these compounds in an assay system where both ATP synthesis and electron transfer could be quantitated. This was accomplished by assessing the effects of DBMIB and antimycin A on electron transport and photophosphorylation using KCN-Hg-inhibited chloroplasts with either oxidized PD or TMPD as the acceptor for noncyclic electron transport from water. A summary of these experiments is presented in Table IV . Inspection of these data shows that in the system catalyzed by oxidized PD, both antimycin A and DBMIB produce parallel inhibitions of electron transport and photophosphorylation without dramatically affecting the P/e2 ratio. The P/e2 ratio obtained with oxidized TMPD, on the other hand, is affected by the inhibitors. In the presence of DBMIB, ATP synthesis is inhibited to a somewhat greater extent than is electron transport, indicating that for this noncyclic reaction some weak uncoupling may occur. Antimycin A produced quite different results, with electron transport showing more sensitivity to inhibition than photophosphorylation. Although these results may not accurately reflect the true effects of antimycin A and DBMIB on PSII cyclic photophosphorylation, they do show that PSII noncyclic electron transport, which is dependent on oxidation and reduction of p-phenylenediamines, is not subject to extensive uncoupling by either DBMIB or antimycin A.
DISCUSSION
Rates of PSII cyclic photophosphorylation in excess of 100 . catalyzes some ATP synthesis by shuttling across the thylakoid membrane in a manner similar to that proposed (6) to account for PSI-dependent ATP synthesis by DAD. Although TMPD might also participate in a shuttle pathway, the fact that no protons are involved in the oxidation and reduction of TMPD should preclude ATP synthesis by such a shuttle. An alternate pathway of electron transport is therefore necessary to explain PSII cyclic photophosphorylation in the presence of TMPD. This pathway of electron transport might involve electron donation (by either TMPD or PD) to the oxidizing side of PSII and subsequent return of electrons to the oxidized catalyst through a portion of the membrane-bound photosynthetic electron transport chain which is coupled to ATP synthesis. Although PD can, in theory, support ATP synthesis by either pathway of electron transport described above, photophosphorylation in the presence of TMPD, an electron donor, is restricted to the second of these pathways, or to some variation, which includes coupling of ATP synthesis to electron transport by membranebound components of the thylakoid membrane.
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